Primary open angle glaucoma is a widespread human ocular disorder with optic nerve and retinal ganglion cell degeneration leading to blindness. In Britain it affects 1-2% of people over 40 years of age (3% of people over 50 years) and accounts for about 1 in 8 of new blind registrations.1 Recent analysis concluded that glaucoma is the second most frequent cause of blindness in the world after cataract? Three population-based surveys using regular screening techniques found that about 4% of white persons and 8% of black persons with glaucoma are legally blind (VA � 20/200 in both eyes). 3 The mechanism of early glaucomatous visual loss is not fully understood. In patients functional consequences of glaucomatous damage are only readily observed at a relatively advanced stage, when both parvocellular and magnocellular pathways may be involved. If visual loss could be detected earlier, prophylactic therapy may prevent further functional loss.
A recent focus has been to isolate magnocellular function,4 since there is some histological evidence from both clinical and experimental data that larger ganglion cells are preferentially damaged in early glaucoma. 5, 6 This group of cells projects to the magnocellular layers of the lateral geniculate nucleus, has a fast conduction velocity and is especially Thus, although the magnocellular pathway is thought to be damaged by the primary action of glaucoma, this has rarely been established.
In this paper we present the results of a psychophysical study in which we assessed a response function mediated by the magnocellular pathway, and another mediated by the parvocellular pathway. Patients with glaucoma and ocular hypertension (OHT) were tested and compared with age-matched normal controls.
Patients with OHT were tested because such patients can develop glaucoma and, therefore, may suffer damage consistent with early stages in the glaucoma disease process.
The psychophysical methods applied in this study were developed by Barber 
Subjects and methods
In all the experiments reported here we determined the luminance of a moving target at which it could just no longer be detected by the subject. This value of target luminance is defined as the threshold target luminance, response. In this case, the frequency at which It is maximal varies with the average luminance of the background, which is maintained at a fixed value for all subjects.
The light stimuli required for these measurements were generated by a purpose-built optical system, incorporating two commercial projectors, which provided two independent optical channels, one for the target and the other for the background. The images of the target and background components of the visual stimulus were projected onto a white screen. The circular target was imaged from a precision-drilled metal aperture, which was driven by a servo motor across the object plane of the 'target' projector to provide the target movement. The target luminance was controlled by two Polaroid filters, one of which was fixed whilst the other could be rotated. Spatial modulation of the background was achieved by placing a photographically produced, high-contrast (> 95%) grating in the object plane of the 'background projector', and the required periodicity values were selected from a set of gratings. The gratings were square-waveform in transmission profile, and their periodicities defined in cycles per degree. The luminance of the background field was controlled with neutral density filters and considerable care was taken in the photographic production of the gratings to produce a set for which each had the same optical density, which ensured that the background luminance was constant.
Temporal modulation of the flickering background was achieved by a rotating sector disc, placed in a de focused position beyond the projector lens, and driven by a variable frequency motor. This arrangement provided pseudo-sinusoidal modulation with a high modulation depth (> 90%), and relatively low harmonic distortion in the temporal frequency profile « 10%).
In all these experiments the circular target was 3° in diameter and moved horizontally at 15° per second across the central 8° of background grating. The circular background was 17° in diameter, and of average luminance 1.8 log troland.
Protocol
The subject was seated in front of a white screen onto which two standard slide projectors constituting two independent optical channels were projecting a background and a target respectively. The method of stimulus presentation was the setting of a target luminance using the Polaroid filters, the pressing of the control box button to begin the presentation enquiry of the subject as to whether the target had been detected and the setting of the new luminance on the basis of that answer. The target was set at a series of luminances around the threshold level, so as to simulate a staircase measurement of threshold luminance ? l A value of It was only recorded if at least three successive turning points (changes in subject response from 'seen' to 'not seen' or vice versa) were made within a luminance range of ::'::: 0.04 log units. The luminance range of ::'::: 0.04 log units also provides the upper limit of the experimental error, although in practice errors were often smaller. The luminances of all stimuli were measured, in situ, with a Macam spectrophotometer / radiometer.
Patients
All patients taking part in this study were under the care of the Western Eye Hospital. They were examined ophthalmologically, including Snellen visual acuity, Goldmann applanation tonometry, fundoscopy and Humphrey visual field. Inclusion criteria were as follows:
1. Visual acuity (unaided or corrected with spectacles or contact lenses) ?;6/9. The normal control group had normal visual acuity, fields that showed no evidence of glaucomatous loss and lOPs within normal limits (between 11 and 18 mmHg) with cup/disc ratios of between 0.1 and 0.4.
The age of the 16 glaucoma patients (30 eyes) ranged from 54 to 89 years (mean 71.5 years ± 9 years), that of the 15 OHT patients from 49 to 80 years (mean 65.4 years ± 9 years) and that of the normal control group (15 patients = 30 eyes) from 45 to 85 years (mean 66.5 years ± 10 years) . The age differences between the groups are statistically insignifican t.
This study was approved by the ethics committee of the Western Eye Hospital and was undertaken with the understanding and consent of each subject.
Results

The STI spatial response function
The values of log It are plotted as a function of background grating spatial frequency in Fig. 1 . The response functions defined by these plots show clear differences between the three observer groups. The averaged data of the normal observers displays the usual band-pass response with a peak threshold value at 2.82 cycles per degree (c/ deg), characteristics which have been previously reported by Morland et al. 22 The response derived from averaged data of the patient group with OHT has a similar form to that of the normal response, but the peak threshold value occurs at the lower spatial frequency of Table 1) . In summary, the change in the ST1 spatial response function for both patients with OHT and those with glaucoma is to shift the response to lower spatial frequency and to elevate thresholds in general. The effect is considerably more severe in the patients with glaucoma than those with OHT. Moreover, when the two patients groups are compared, highly significant differences (p < 0.02) are observed at 0.36, 0.72, 8.24 and 18.18 c/ deg ( Table 1 ).
The ST2 temporal response function
Data for the ST2 temporal responses are presented as log It values plotted as a function of the background flicker frequency (Fig. 2) . This data plot yields the temporal response for the three observer groups, and as with the spatial response measured, clear differences between groups are shown. The response function of the normal control group displays the band-pass characteristics shown in previous evaluations of the mechanism. 19 , 2o , 22
The peak threshold value is obtained at 12.5 Hz, which is consistent with the data previously collected at the average background luminance of 1.4 log troland employed in this study.
The averaged data of the OHT group gives rise to a response function that is markedly different from that of In summary, the ST2 temporal responses show variation between groups at flicker frequencies below 12.5 Hz. The ST2 temporal response is modified more in glaucoma than in OHT compared with the normal response. When the two patient groups are compared, a highly significant (p < 0.02) difference is only observed at 5 Hz. However, when the OHT group is compared with the normals, highly significant differences are revealed in flicker frequencies from 5, 7.5, 8.75, 10 and 12.5 Hz (Table 2) . (Table 2) . We provide psychophysical evidence, therefore, of the presence of significant ganglion cell damage in OHT patients despite the fact that their automated perimetry tests are normal.
In addition, we have shown that in both OHT and glaucoma the temporal processing produces greatest abnormalities at low flicker frequencies. This test could, therefore, be applied at a small number of low flicker frequencies, where threshold differences are greatest, in order to screen a large number of patients with OHT and glaucoma.
The conclusion can be drawn that the STI and ST2 channel response characteristics in glaucoma and OHT are coarser than in normal vision, suggesting damage to both the magnocellular and parvocellular pathways.
Both large-and small-diameter ganglion cells are affected early in the disease, but our measurements on patients with OHT indicate that it is to a lesser degree than glaucoma. The results suggest that the extent of the damage in the magnocellular pathway exceeds parvocellular damage in the OHT group. We have shown that the ganglion cell damage precedes the field defect in the OHT cases. The psychophysical method applied in this study, therefore, appears to be of use in detecting early glaucomatous damage in the OHT group. A prospective long-term follow-up study is required to demonstrate which individuals with abnormal responses will eventually develop glaucomatous field loss.
